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Abstract 


Fundamentally  this  article  is  a  survey  of  applications  of  lasers.  The  applications 
are  divided  into  six  major  areas:  precision  measurements,  communications,  bio¬ 
logical  and  medical,  other  scientific  areas,  metalworking,  and  miscellaneous.  A 
table  of  the  basic  characteristics  of  the  major  types  of  lasers  is  provided  so  that  the 
user  can  be  made  aware  of  the  limitations  and  capabilities  of  lasers.  Good  examples 
of  applications  in  each  of  these  areas  are  described  in  some  detail  to  illustrate  which 
major  properties  of  laser  radiation  are  useful  in  that  particular  area.  Most  of  the 
discussion  pertains  to  present-day  applications  but  in  some  instances  what  appear  to 
be  good  future  applications  are  also  described.  Seventy-two  references  to  the  tech¬ 
nical  literature  that  relate  to  applications  are  provided. 
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Applications  of  Losers 


I.  INTRODUCTION 

With  the  laser,  man  can  now  for  the  first  time  generate  and  control  coherent 
light  by  making  use  of  electronic  transitions  in  atoms.  Many  knowledgeable  people 
have  predicted  a  glorious  future  for  lasers,  but  others  have  been  considerably  more 
skeptical.  Four  years  have  elapsed  since  the  first  working  laser  was  announced, 
and  fewer  than  ten  different  applications  today  are  not  connected  with  research  and 
development.  The  widest  application  so  far  has  been  in  scientific  instrumentation 
such  as  light  sources  for  interferometers  and  high-energy  sources  for  investigating 
interactions  between  photons  and  matter.  Whether  this  will  remain  as  the  most 
prolific  application  is  difficult  to  say  for  it  could  he  that  the  best  application  may  not 
yet  have  been  thought  of. 

The  primary  properties  of  the  laser— directionality,  monochroniaticiiy,  intensity, 
and  coherency— are  reviewed  in  Sec,  2  of  this  paper.  Sections  3  to  8  deal  with  actual 
and  proposed  applications.  References  pertinent  to  the  area  covered  appear  at  the 
end  of  each  section. 

The  applications  that  depend  on  a  particular  property  of  laser  radiation  are  listed 
in  Table  1.  This  is  arbitrary  in  many  cases. 
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TABLE  1.  Applications  and  primary  laser  properties 
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Coherence 

Narrow  Optical 
Frequency 

Narrow  Beam 
Divergence 

High 

intensity 

Mechanical  Measurement 

X 

Standard  of  Length 

X 

Seismograph 

X 

Rotation- Rate  Sensor 

X 

Tracking  Systems 

X 

Communications 

X 

Power  Transmission 

X 

Raman  Spectroscopy 

X 

Relativity  Experiments 

X 

Plasma  Diagnostics 

X 

Microscopic  Spectroscopy 

X 

Phase  Photography 

X 

Defense 

X 

Metalworking 

X 

2.  PRIMARY  PROPERTIES  OE  LASER  RADIATION 

2.1  Ewyescy  Sukilily,  latMiiity,  sad  Dir«cliMality 

The  four  major  properties  of  laser  radiation  are  high  intensity,  narrow  fre¬ 
quency  width,  directionality,  and  coherence.  These  are  summarized  in  Table  2. 

1 

The  minimum  frequency  widths  given  for  the  gas  and  optically  pumped  solid  la.sers“ 
are  short-term  measurements  based  on  single -frequency  operation.  For  ihc 
He-Ne  gas  laser  the  stability  time  is  on  the  order  of  tens  of  milliseconds  and  for 
the  ruby  laser  it  is  'Ijisec.  The  line  width  of  the  ruby  laser  is  determined  by  both 
the  Fourier  spectral  components  of  the  spike  and  the  thermal  drift  during  die  spike. 
A  detailed  measurement  of  this  type  has  not  be*  n  made  for  the  injection  laser,  but 
calculations  and  probably  spectrometer-linnted  ineasurements^  induat.-  it  is 
the  10  to  50  Mips  rang*  .As  the  pump  level  im  r*  ases.  more  resonant  mtxles  of  tin- 
laser  c.iVity  are  elicited.  p.h  h  of  which  has  the  widths  indi*  ated  umler  Minimum 
Frequency  Width,  but  the  total  spectral  range  of  these  differ*  nt  ?nod»’S  is  ihai  indi¬ 
cated  under  Frequency  Width  at  High  Power. 

The  peak  poiver  indicat*^  for  gas  lasers  was  obt.ained  by  pulsing  .an  argon  gas 
column  with  a  capacitor  discharge,^  the  duration  of  these  pulses  was  absHit  20  ns*  *  . 
At  lower  power  levels.  rep»*tHion  rates  tan  !>«•  on  th*-  order  nj  1000  pps.  For  ruby. 
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500  Mw  was  obtatni’d  by  using  a  Q- switched  system  (rapid  in*  r*'ase  in  fiosnivc 
feedback  in  a  cavity)  followed  by  a  stage  of  atnplifi*  ation.  Ute  duration  of  this  pul.se 
was  about  7  nsec.  Energies  of  1500  j  have  been  listtnl  in  the  advertising  hter-iturc , 
These  are  difficult  to  confirm  owing  to  measurement  proldems  and  r •’p<  at;*bilny  of 
eaperiments. 

The  repetition  rale  given  for  the  pulsed  gas  laser  does  not  r«  pre  sent  an  lipp*  r 


limit  but  only  the  prf  of  tht*  availablf  power  sourt »  (l  ap-iritor  batiK  t'r  magnetron), 

The  optically  and  elertron-injection  rumped  lasers  art  probably  linnting  tins  ran 
bt  cause  of  heating  l  onsidt  rations . 

Th(  bt  am  divergence  listed  tor  a  gas  laser  is  for  t>ne  aith  plane  p.ir.Ule]  mirrors 
Periiaps  a  more  typical  figxire  is  10  ^  rad,  which  eorres|v:>Mds  to  the  approximate 
b«  am  divergeiiv  t  from  a  v  onfm  al  n  sonattm  Im  long.  Tin-  e.ise  of  mirror  aiigtinient 
makes  this  a  mut  ii  mere  ptipular  tyfx  of  gas  last  r.  The  figure  of  JO  ^  ract  fi'r  rub> 
iS  ft»r  a  gotMl  ruby  rest  operated  in  a  O'^w-utched  svstem.  It  must  be  i  nipti-*si .'ad 

ttiat  tins  IS  ttu-  t'.alf-power  point,  atid  for  a  Q* switched  rutiy  laser  tiu  rc  tj.  still  an 

*■ 

apprt  ciabb  amount  «>f  power  sn  tiie  ijeam  at  angles  gt«  ater  than  10  ratf.  Wiinout 

s.  > 

tjeam  altenuaiion,  liie  angular  st>ot  .sic*  apfs-ars  l(»  bt  iO  *  rad.  Ti  i-  t><  .im  di\ <  rgem  < 
for  Sfm:et»ntlU(  (or  ia.sers  i.s  type  ill,'  l'  by  !'>*’.  wJutfi  i.s  m  rough  agriunni  itt  w.tii 
diffraction  tiieor.v  {f>  'X.  t)  ft»r  an  apt  r*urt'  d  ^  10j«.  Tius  is  tii*-  apprttkimaie  width  of 
a  p-n  junt  turn  m  a  semicondwelor  laser.  It  is  wetriiiwinle  noting  that  beam  dtverg*  n<  « 
are  to  a  large  extent  controllable  by  using  the  tt  <  hnique  shown  in  Figure  1.  As¬ 
suming  that  the  divt  rgent  t  of  the  beatr;  •'nter  ing  from  tht  b  ft  is  limitt  d  by  diffr.o  tion 
from  an  apt  rtur*  tM|ual  to  tne  diamet*  r  dj  of  the  first  h  ns,  !h<  bi  ani  em*  rgitig  from 
the  .system  in  Figure  'l,  1  will  h,tve  a  di\ergt  n<e  .ingle  of  v/d.,  if  th«-  fot.  ai  pt»int.s  of 
the  iwo  lenses  !  oini  idt*.  .Similarly,  the  be.nn  an  t>e  spre.of  furtfier  if  it  t  ptt  rs  the 
largt  it  nci  md  emergts  from  the  sm.tll  lens. 
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Gas  lasers  can  be  built  to  cover  a  wavelength  range  ’  extending  from  133u 
(0. 133  mm)  to  0.  27^,  which  is  a  frequency  range  of  over  500/ 1.  Pulsed  noble-gas 
lasers  filled  w/ith  a  mixture  of  noble  gases  now  provide  for  selection  of  the  approxi¬ 
mate  wavei*"ngth  desired  by  rotation  of  a  prism  inside  the  laser  cavity. 

Efficiencies  are  still  low  when  computed  in  terms  of  electrical  input  to  optical 

3 

output.  Ga.s  lasers  should  become  more  efficient  as  a  result  of  the  triode  structure 
recently  developed;  the  e.ficiencies  of  injection  lasers  should  adso  improve  (up  to, 
say,  50  percent)  from  present  measured  values^*^  of  15  percent. 


2.2  Spst’nl  and  Teaporal  Coheraoce 

Coherence  in  the  three  types  of  lasers  is  compared  only  qualitatively  in  Table  2 

because  no  quantitative  measurements  (in  the  sense  of  Born  and  Wolf's^ ^  defini  .on)  have 

to  the  writer's  knowledge  been  made.  A  system  for  quantitative  measurements  was, 

12 

however,  recently  proposed.  The  meaning  of  coherence  from  Born  and  Wolf's 
definition  is  difLcul;  j  grasp,  so  we  will  discuss  the  more  classical  interpretation  of 
it  in  terms  of  spatial  and  temporal  coherence. 

Spatial  coherence  of  a  wive  can  be  illustrated  by  Young's  double-slit  interference 
experiment  si  7wn  schematically  in  Figure  2.2.  The  wavefront  spreads  by  diffraction 
from  the  two  slits  and  interferes  on  the  screen.  In  particular,  at  point  P  the  difference 
in  phase  bct\  en  the  two  waves  originating  from  the  slits  is  given  by 


9  = 


2ird 

X 


sin(|>  . 


(This  assumes  the  time  delay  between  the  two  rays  arriving  at  P  is  much  less  than 
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the  temporal  coherence  time.)  When  6  is  an  even  mxiltiple  of  n,  constructive  inter¬ 
ference  occurs;  when  it  is  odd,  destructive  interference  occurs.  When  the  phase 
difference  between  the  equal- amplitude  waves  at  the  two  slits  is  the  same  over  the 
duration  of  the  measurement,  there  is  a  constant  interference  at  P  and  the  wavefront 
is  said  to  possess  spatial  coherence.  If  the  phase  difference  shifts  appreciably  dur¬ 
ing  measurement,  the  position  of  the  maximum  in  the  neighborhood  of  P  wanders  and 
shows  as  a  smear;  this  is  what  one  observes  with  incoherent  light.  Thus,  when  the 
wavefront  has  a  given  constant  amplitude,  spatial  coherence  depends  on  a  definite 
phase  correlation  between  two  points.  When  the  wavefront  is  equiphased,  spatial  co¬ 
herence  depends  on  the  condition  that  the  amplitude  at  the  two  points  is  the  same 
function  of  time. 


Figure  2.2.  Experimental  Setup  foi  Measuring  Spatiad  Coherence 

1  lie  temporal  coherence  of  a  wave  train  that  is  known  to  be  spatially  coherent 
can  be  examined  as  in  the  following  experiment. As  shown  in  Figure  2.3,  half  of 
the  wavefront  enters  the  upper  slit  and  traverses  the  path  to  P;  the  other  half  of  the 
wavefront  is  intercepted  by  mirror  1,  directed  to  a  movable  prism  that  reflects  it 
to  mirror  2,  and  then  reflected  toward  the  lower  slit  where  it  interferes  at  P  as  in 
Figure  2,2.  If  L  =  0,  perfect  stable  fringes  are  seen  on  the  screen  since  the  wave- 
fronts  are  spatially  coherent.  As  L  increases  from  zero,  the  wavefront  is  delayed 
by  2L/c  (c  is  the  velocity  of  light)  and  the  interference  at  P  can  be  studied  as  a  func¬ 
tion  of  the  delay.  If  no  fringes  are  seen  on  the  screen  when  L>0,  then  the  wave  has 

no  temporal  coherence.  If  the  fringes  become  invisible  for  t  >2L  /c,  then  t  is 

0  0  0 

the  temporal  coherence  time.  'It  can  be  related  to  the  spectral  width  Af  of  the 
radiation  by 

t  Af  e  1  . 
o 


In  luminary,  coherence  implies  a  constant  phase  difference  between  two  points 
on  a  series  of  equal-amplitude  wavefronts,  and  a  correlation  in  time  between  the 
same  points  on  different  wavefronts.  For  a  high-quality  stable  gas  laser,  estimates 
have  been  made^  that  could  be  as  large  as  10, 000  miles.  In  measurements  of  L 
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for  ruby  lasers  it  was  found  that  ISm,  giving  a  of  10  sec.  This  is  in 

reasonable  agreement  nrith  the  spike  duration  in  ruby  lasers.  Somewhat  different 
measurements  on  injection  lasers  indicate  that  their  coherence  is  not  as  good  as  that 
of  ruby  but  that  it  is  of  course  still  far  superior  to  that  of  normal  light. 


In  conclusion,  the  radiation  from  optical  masers  is  not  at  all  like  the  radi'^tion 
from  previously  known  optical  sources,  as  can  be  seen  from  the  factors  that  have 
been  discussed  in  this  section.  Its  properties  are  more  analogous  to  those  of  a 
parabolic  antenna  powered  by  an  electronic  transmitter.  Thus,  a  better  overall 
viewpoint  is  that  the  laser  represents  an  extension  of  electronic  technology  by  four 
orders  of  magnitude  in  frequency. 
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3.  APPLICATIONS  IN  PRECISION  MEASUREMENTS 

The  use  of  lasers  for  precision  measurements  depends  on  the  ccrfierence  of 
the  laser  beam  rather  than  on  its  intensity.  Because  of  their  superior  coherence, 
n£.rrow  frequency,  and  ability  to  operate  continuously  without  having  to  be  cooled, 
gas  lasers  will  undoubtedly  be  preferred  to  solid  lasers. 

3.1  Meckaaical  Measureaeiits 

The  standard  type  of  interferometer  used  for  measuring  the  quality  of  optical 
components  (surface  flatness,  parallelism  of  minors,  and  index  of  refraction 
variations  in  glass)  and  for  measuring  distances  in  terms  of  the  wavelength  of  light 
is  the  Michelson  interferometer.^  Referring  to  the  illustration  in  Figure  3. 1,  if 
the  difference  d  in  length  of  the  two  arms  Lj  and  L2  is  an  integral  number  of  half 
wavelengths,  or  if  the  difference  in  total  path  length  2d  is  an  integral  number  of 
full  wavelengths,  then  the  two  beams  will  conati*uctively  interfere.  The  condition 
for  seeing  a  bri^t  fringe  is  therefore 

2d  =  kK  . 

where  \  is  the  wavelength  of  the  light  being  used  and  k  is  an  integer. 

The  cadmium  red  line  is  a  conventional  light  somrce  that  can  be  used  with  this 
instrument  but  because  its  coherent  length  L^  is  short,  no  fringes  can  be  seen  if  d 
is  made  greater  than  25  cm.  If  a  gas  laser  is  used,  however,  its  excellent  temporal 
coherence  allows  the  two  mirrors  to  be  separated  by  600  ft  or  more,  resulting  in  a 
versatile  instrument  for  measuring  small  differences  over  long  path  lengths.  As 
an  example,  take  the  construction  of  the  surface  of  a  microwave  antenna  that  is  to 
be  100ft  or  so  in  diameter.  Good  performance  of  the  antenna  depends  on  surface 
smoothness,  which  has  heretofore  been  difficult  to  measure.  Now,  a  beam  could 
be  reflected  from  the  surface  and  brought  back  to  interfere  with  itself  (as  in  the 
Michelson  interferometer),  the  number  of  fringes  co\mted,  and.  as  the  beam  swept 
around,  the  precision  of  the  antenna  cataloged.  The  laser  interferometer  could  adso 
be  nsed  for  continuous,  accurate  measurement  in  machining,  say,  a  large  turbine 
shaft  of  a  motor  generator.  Such  a  measurement  is  difficult  with  standard  tools  but 
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with  a  laser  it  could  easily  be  done  to  within  k  /  20  or  3  x  10  cm  by  monitoring 
either  a  reflection  from  the  shaft  surface  or  a  mirror  mounted  on  the  drive  mech¬ 
anism  of  the  cutting  tool.  The  depth  of  cut  or  variations  in  smoothness  coxild 
easily  be  determined  by  means  of  an  electronic  counter  and  a  photomultiplier. 


Figure  3.1.  Michelson  Interferometer 


3.2  Stssdstd  of  Loagtk 

2 

Experiments  by  Jaseja,  Javan,  and  Townes  indicate  that  a  highly  stabilized 
helium-neon  gas  laser  can  detect  changes  in  length  as  small  as  eight  parts  in  10^^, 
equivalent  to  less  than  one  wavelength  of  light  in  10,  000  miles.  To  detect  such 
changes,  the  surface  whose  position  is  to  be  monitored  must  be  used  as  one  of  the 
mirrors  of  the  laser.  The  output  of  this  laser  is  then  mixed  with  that  of  a  standard 
laser  and  the  beat  frequency  Af  detected.  The  relation  is 


Af  -AL 

T’^T 


In  practical  application  this  method  of  length  measiurement  is  too  sensitive.  Such 
•mall  changes  in  length  are  not  nornvally  required  to  be  known,  and  their  meaning 
in  a  patit  length  of,  say,  50  cm,  would  be  diflic\>lt  to  define  since  AL  would  be  on 
the  order  of  a  nuclear  diameter  ( 10  cm). 

2 

It  is  quite  certain  that  the  laser  wUl  become  a  standard  of  length.  Jaseja  et  al. 
demonstrated  that  they  could  reset  one  of  their  gas  lasers  to  within  500  kcps,  which 
is  equivalent  to  resetability  to  within  one  part  in  10®.  This  is  already  superior  to 
the  present  standard  of  length,  and  their  technique  for  resetting  the  laser  will  probably 
improve  further. 


3.3  SeitoMfi^a^lc  lutrimraUrtioa 


3 

If  one  of  the  mirrors  of  the  gas  laser  is  attached  to  a  large  suspended  mass 
as  shown  in  Figure  3.2,  the  instrument  can  be  used  as  a  detector  of  earthquakes 
or  underground  nuclear  blasts  since  its  sensitivity  is  estimated  to  be  10  times  better 
than  that  of  present  seismometers.  It  is  capable  of  covering  a  wide  dynamic  range 
(10^)  and  a  period  remge  of  seismic  events  from  0. 1  sec  to  40,  000  sec  or  longer. 


to  ttw 
ground 


Figure  3.2.  Seismographic  Instrumentation 

The  instrument  works  as  follows.  When  a  disturbance  in  the  earth  occurs, 
the  mass  M  moves  and  differentially  shifts  the  frequency  of  the  two  gas  lasers. 

The  output  beams  are  then  mixed  in  a  photomultiplier  (a  square-law  device)  and 
recorded.  The  beat  frequency  is  directly  related  to  the  severity  of  the  disturbance. 
The  use  of  two  lasers  in  this  manner  eliminates  the  requirement  for  having  a  sep¬ 
arate  absolute  frequency  standard. 

3.4  NaaswMwal  sf  lUlaliM  Rates 

Another  device  that  features  gas  lasers  has  recently  been  developed.  It  can 
provide  extremely  accurate  measurements  over  a  wide  range  of  angular  rotation 
rates,  detect  rotation  rates  as  low  as  per  hour,  and  has  no  upper  limit,  SiiK:e 
its  potential  seems  greater  for  use  as  a  navigational  aid.  its  discussion  is  post¬ 
poned  to  Sec.  4.9. 

3.5  Rafareaoes 

1.  F.A.  Jenkins,  andH.E.  White.  Fundamentals  of  Physical  OpUcb. 
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2.  T.S.  Jaseja.  A.  Javan,  and  C.H.  Townes.  Phys. Rev. Letters  ^:195.  1963. 

3.  Electronics.  11  August  1963. 
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4.  APPLICATIONS  IN  COMMUNiCATIONS 


■ 


This  section  is  devoted  to  a  discussion  of  the  applicability  of  lasers  to  any  type 
of  system  that  comes  under  the  broad  heading  of  communications.  Several  existing 
applications  in  this  area  are  considered  in  detail. 


4.1  Appilcabilily  of  Lasers  to  C«MHMicati«BB 

It  is  well  known  in  the  field  of  communication  theory  that  the  information 
capacity  C  of  a  signal  of  average  power  S  in  the  presence  of  additive  white  noise 
power  N  in  a  channel  of  bandwidth  B  is  given  by 

C«Blog(l  + S/N)  . 

This  expression  illustrates  one  reason  ttiere  is  a  great  interest  in  lasers  for  com¬ 
munication  purposes;  channel  capacity  is  directly  proportional  to  bandwidth— and  the 
bandwidth  for  a  laser  communication  system  could  be  as  large  as,  say,  40, 000  Mcps. 
This  is  equal  to  0.01  percent  of  the  carrier  frequency  of  4X  lO^^cps.  A  bandwidth 
of  this  size  would  permit  10  million  simultaneous  telephone  conversations  or  8000 
simultaneous  TV  programs.  It  is  doubtful  that  there  is  a  large  need  for  many  systems 
of  this  type,  but  the  figures  do  indicate  the  attractiveness  of  the  idea. 

A  system  for  modxilating  light  wiA  a  bandwidth  of  lOGcps  has  been  reported.^ 

It  seems  likely  that  an  upper  limit  might  be  20  to  30  Gcps,  based  on  the  fact  that  all 
modulators  will  use  microwave  components  '•nd  frequency  ranges  for  given  com¬ 
ponents  are  not  much  larger  than  this.  It  is  interesting  to  note  that  we  now  have  a 
situation  in  which  the  problem  facing  communications  researchers  is  not  how  to  con¬ 
serve  bandwidth,  but  how  to  make  use  of  all  the  bandwidth  available.  This  problem 
of  how  to  build  an  extremely  wide4>and  modulator  to  utilize  the  large  bandwidths  of 
optical  channels  is  a  real  one,  and  will  certainly  be  the  limiting  factor  in  the  realiza¬ 
tion  of  an  efficient  optical  communication  system. 

There  are  optical  communication  systems  that  use  incoherent  light  but  the  use  of 
coherent  light  greatly  improves  the  detection  sensitivity  if  the  signal  is  weak  or  the 
receiver  is  being  operated  in  daylight.  In  a  conventional  optical  receiver,  the  signal 
alone  is  led  into  the  detector,  and  noncoherent  detection  performed.  In  a  coherent 
optical  receiver,  the  signal  is  mixed  at  the  detector  with  a  coherent  optical  local  oscil¬ 
late  reference,  and  coherent  detection  performed.  The  gain  Uk  «kt;ii»kUvity  obtained 
with  coherent  detection  as  opposed  to  noncoherent  detection  can  be  shown  ^  to  be 


for  *’*^*'’*  **st  **ni  optical  input  signal  and  noise  powers, 

respectively.  If  the  signal-to-noise  ratio  is  somewhat  greater  than  unity,  then  non¬ 
coherent  detection  is  sufnetent. 
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A  ranging  system  needs  a  pulse  with  a  sharp  well-defined  leading  edge  so  that 
an  accurate  measurement  can  be  made  of  the  elapsed  time.  Fast  Q- switched  laser 
systems  followed  b>  a  stage  of  amplification  can  produce  optical  pulses  with  a  rise 
time  on  the  order  of  a  nanosecond.  Assuming  an  electronic  detection  system  in  the 
receiver  that  could  keep  pace  with  this  fast  a  pulse,  there  could  be  a  range  resolu¬ 
tion  of  6  in.  This  optical  radar  could  easily  be  used  on  the  ground  since  the  beam 
diameter  is  very  small  and  the  divergence  angle  low.  These  factors  cut  down  on 
spurious  reflections  from  other  objects  and  consequently  reduce  the  background 
noise  level. 

Another  distinct  advantage  in  using  light  as  the  carrier  in  a  communication  sys¬ 
tem  is  the  small  size  of  the  equipments  involved.  To  obtain  the  same  angular  resolu¬ 
tion  as  a  radar  operating  with  a  wavelength  of  1  cm,  the  antenna  for  the  laser  system 
can  be  10  ^  times  as  small  for  a  laser  wavelength  of  Ip .  With  transmitting  and  re¬ 
ceiving  apertures  of  this  size,  relatively  small  mounts  that  are  highly  accurate  and 
stable  can  be  designed. 

4.2  Raky-Lafter  Trackiag  Syalea 

A  number  of  ranging  systems  have  been  built  by  various  laser  research  and 
development  groups  in  the  country.  Since  this  is  one  of  the  primary  systems  uses 
of  lasers,  we  will  discuss  one  piilsed  ruby-laser  ranging  system  and  also  a  more  re¬ 
fined  missile-tracking  system  using  a  gas  laser. 

The  portable  ranging  system  shown  schematically  in  Figure  4.  1  was  developed 
2 

by  personnel  at  the  United  States  Army  Electronics  Research  and  Development 
Laboratory.  Fort  Monmouth,  N.  J.  A  Q- switched  ruby  laser  serves  as  the  trans¬ 
mitter  for  the  system,  A  90®  ruby  crystal  3  in.  long  and  1/4  in.  in  diameter  gener¬ 
ates  a  single  pulse  of  1.0  to  2.5Mw.  The  Q-switch  system  consists  of  a  prism 
rotating  at  20.  OOOrpm.  The  pulse  duration  is  TSnsec  with  a  rise  time  of  approximately 
20nsec.  As  the  pulse  leaves  the  ruby  crystal,  a  small  portion  of  its  energy  escapes 
through  the  apex  of  the  prism  and  impinges  on  a  solar  cell.  The  current  pulse  gen¬ 
erated  by  the  solar  cell  is  used  to  jtart  a  lOO-Mcps  counter.  Reflected  energy  from 
the  target  plus  noise  is  detected  by  the  photomultiplier  after  passing  through  the 
narrow  optical  filter  centered  at  6943 A.  When  the  photomultiplier  signal  becomes 
equal  to  a  preselected  decision  level,  the  counter  is  stopped  and  the  distance  to  the 
target  determined  from  the  counter  indicator  after  division  by  2.  Obviously,  the 
ranging  accuracy  is  a  function  of  the  rise  time  of  the  laser  pulse  and  the  counting  rate 
of  the  counter.  A  20-nsec  rise  time  would  give  an  accuracy  of  ±  12  ft  whereas  the 
indecision  of  the  counter  gives  a  limiting  accuracy  of  l6  ft. 

This  system  is  completely  portable.  The  power  for  the  unit  is  derived  from 
cadmium- sulfide  batteries.  The  pumping  system  uses  an  FX-3RA  xenon  flastitube 
in  an  elliptical  cavity.  Cooling  is  provided  by  a  small  axial  fan  placed  at  one  end  of 
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the  cavity.  The  heat  generated  by  the  flashttibe  and  absorbed  in  the  ruby  rod  limits 
the  firing  rate  to  six  times  per  minute.  The  unit  is  quite  sensitive  to  shock  and/or 
vibration  since  this  can  disturb  the  optical  alignment  of  the  prism  and  the  ruby  rod. 
Under  favorable  atmospheric  conditions,  this  ranging  system  is  capable  of  measuring 
range  up  to  12  miles. 

4.3  Cas-Lsssr  NUsile-Trackiag  Systea 

A  more  elaborate  laser  system  has  been  designed  by  the  Perkin- Elmer  Corpora¬ 
tion  to  provide  precise  trajectory  data  for  various  missiles  during  the  early  launch 
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phases.  It  is  scheduled  to  be  installed  at  Cape  Kennedy.  Fla.  The  system  (called 
OPDAR  for  Optical  Direction  and  Ranging)  is  intended  to  provide  range,  azimuth,  and 
elevation  data  over  any  part  of  the  trajectory  from  launch  to  50,  000  ft.  From  this  data 
the  position,  velocity,  and  acceleration  of  the  missile  will  be  derived  in  a  cartesian 
coordinate  system.  The  allowed  tolerance  for  error  in  the  derived  data  is  extremely 
small.  For  example,  acceleration  must  be  measured  to  0.01  fps/sec  and  the  position 
must  be  known  to  within  0.05  ft  in  the  altitude  range  of  zero  tc  500  ft.  Normal  pulsed 
microwave  radars  are  not  capable  of  this  resolution  end  neither  are  pulsed  laser 
systems.  If  a  ranging  unit  such  as  described  in  Sec.  4.2  were  to  be  tried  in  an  attempt 
to  obtain  this  accuracy,  the  time  of  the  return  pulse  would  have  to  be  known  to  within 
0.05  nsec,  and  there  are  as  yet  no  means  for  defining  pulse  shape  and  measuring  some 
identifiable  portion  of  it  with  this  precision.  Also,  pulsed  lasers  are  not  yet  capable 
of  operating  at  the  high  repetition  rate  necessary  for  the  range  and  angle  measurements. 

The  prime  element  in  OPDAR  is  a  CW  laser  (He-Ne;  6328A).  It  was  double-modu¬ 
lated  to  provide  the  ranging  data,  that  is.  a  1-Mcps  modulation  signal  provided  range 
ambiguity  resolutiuc.  within  500  ft  (the  system  was  placed  10,000  ft  from  the  launching 
pad)  and  a  100-Mcps  sigtial  provided  ranging  data  to  witlvin  0.005  ft.  Phase-sensitive 
detection  was  used  in  the  receiver  sj.'.tem. 

It  was  necessary  to  use  light  as  the  carrier  to  permit  the  use  of  small -aperture 
radiators  and  reflectors.  The  radiating  apertur"  was  2  in  in  diameter,  for  a 
wavelength  of  6328A  this  corresponds  to  a  beam  diverg''nce  of  slightly  greater  than 
2  sec  of  arc.  A  radar  operating  at  a  millimeter  wavelength  would  require  an  aperture 
of  about  320  ft  to  mau  h  this  performance.  Because  of  the  difficulty  ir.  finding  an  object 
with  such  a  narrow  beam,  a  coarse  tracking  system  was  also  used.  The  target  on  the 
missile  is  s  trihedral  or  "corner  cube"  reflector  2.5  in.  in  diameter. 

4.4  As  0|Nicsl  Nslendyae  DHeetiss  Sysiesi 

A  large  step  in  the  development  of  an  optir.i!  communication  system  using  coherent 
detection  has  been  taken  by  the  Sylvania  Corp.^  under  an  Air  Force  nmtract.  One 
microwave-modulated  gas  laser  was  used  as  a  source,  and  a  second  one  as  a  local 
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oscillator  (LO).  An  all- electronic  feedback  circuit  was  used  to  shift  the  LO  fi  e- 
quency,  enabling  it  to  track  the  drift  of  the  source  laser.  The  LO  frequency  was 
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simultaneously  shifted  S.OGcps  by  single- sideband  suppressed  carrier  modulation. 

The  two  beams  were  then  mixed  and  demodulated  with  a  microwave  traveling- wave 
phototube.  The  relative  drift  rate  of  one  laser  with  respect  to  the  other  was  only 
3Mcp8/min  under  laboratory  operating  conditions.  Although  this  will  become  much 
higher  under  fi  'Id  operating  conditions,  the  electronic  feedback  system  that  enables 
the  LO  to  track  the  source  should  have  sufficient  speed  of  lesponse  to  follow  it. 

4.5  Prsblsas  is  Usiag  Cshwest  Light  tat  f  oMssicstiess 

The  examples  cited  in  Secs.  4.  2  and  4.3  are  applications  of  the  laser  where  its 
properties  of  good  directionality  of  the  beam  and  high  intensity  are  being  used.  The 
ultimate  application  of  the  laser  in  the  communications  field  will  use  the  coherence 
properties  of  the  radiation.  Recent  investigations  by  a  number  of  groups  have  shown, 
however,  that  the  coherence  is  severely  affected  by  the  atmosphere.  It  is  difficult  to 
see  how  this  can  be  overcome,  and  these  deleterious  effects  may  mean  that  propaga¬ 
tion  channels  for  coherent  light  communications  systems  may  be  limited  tc  outer  space 
or  evacuated  pipes. 

Other  problems  dealing  with  the  laser  have  yet  to  be  solved.  One  of  the  main 
ones  is  to  generate  high-power  single-frequency  radiation  so  that  coherent  detection 
can  be  used.  A  sensible  approach  to  solution  has  been  suggested  by  the  Sperry- Rand 
Corp.  They  propose  to  u.*»e  a  l.OS-p  line  in  the  He-Ne  gas  laser  system  as  a  source 
and  then  use  the  1.06-ti  Nd;CaWO^  laser  for  power  amplification,  .since  the  gas  laser 
operates  continuously,  the  long  coherence  time  necessary  for  a  cotierent-deteciion 
long-range  tracking  system  can  be  obtained. 

Optical  components  used  in  coherent  detection  systems  must  be  of  «  rllent 
quality  (say,  V/20  or  fetter)  so  that  the  spatial  coherence  of  the  wave  is  not  degraded. 
Broadband  tunable  lasers  for  use  as  local  oscillators  must  be  develop«Mi  to  permit 
cancelation  of  doppler  shifts  due  to  moving  targets.  .Some  progress,  m  .iddition  to 
that  cited  in  Sec.  4.4,  has  already  been  achieved  in  this  area.^*  ‘  Kven  d  optical 
components  In  the  trsnsreceiver  are  perfect,  turbulence  of  the  atmosphere  will  limit 
beam  aharpnesa  to  several  aeconds  of  arc.  In  addition,  a  great  deal  of  power  ran 
be  iMt  over  a  long  communication  link  through  molecular  scattering  and  s<  altering 
due  to  suspended  particles.  Quite  obviously,  communuatinn  between  rK>ints  on  the 
earth's  surface  or  between  earth  and  space  will  b<'  limited  to  dear  days. 

44  fewer  TMstaslaaiMi 

One  way  avoiding  atmoapheric  disturbances  on  the  earth  is  to  use  light  pipes 
to  transmit  the  beam.  Recent  measure  menta®  have  shown  that  most  of  the  power 
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lo’Jses  in  a  .‘ystcm  of  this  typ<'  were  due  to  th**  1  percent  loss  at  the  mirrors  used 
to  reflect  the  beam.  The  pipe  was  not  evacuated,  the  wavelength  used  was  63  28'\. 

The  estimated  loss  due  to  the  transmission  medium  (air)  was  i  onsidei  ably  less 
than  0.5  percent  per  transit  through  the  330-ft  pipe. 

Say  the  loss  due  to  the  air  in  the  pipe  was  0.  1  pen  t  rit  pi  r  330  ft.  Tht  n  for 
power  transmis.sion,  this  system  would  not  b<  rompi  titiv  with  normal  pov.er  dis¬ 
tribution  systems  whose  losses  are  considt'rably  smaller  tlian  this.  If  tiiis  loss 
could  be  eliminated  by  evacuating  the  pipe,  then  the  systt  ni  would  < ompart  favorably 
with  standard  systems.  Assuming  a  light  pipe  diameti  r  of  13  in.  and  a  wavelength 
of  0.7p,  the  diffraction  losses  in  the  system  would  be  onJ\  0.05  pen  mt  per 
20-mile  hop. 

4.T  S|Mre  (laMMyairiilicas 

It  is  evident  that  a  number  of  the  difficulties  in  propagating  coh<  rent  optical 
radiation  t  an  oe  overcome  if  the  transmission  medium  is  a  va<  uum  as  it  exists  in 
ou’er  space  where  no  alisorption,  st  attering,  or  distortion,  of  the  wavefront  oi  eurs, 
f'.  very  protiable  application  of  lasers  will  therefore  bt  in  communication  or  power 
transmission  between  satellites.  Here  is  one  area  in  whieii  th.  normal  advantage  of 
only  a  slight  divergence  in  a  beam  oci  omes  a  disadvantage,  sine*  it  is  difficult  to 
preci,Sfly  point  a  very  narrow  beam.  For  one  satelliit  to  s*-  in  h  for  another  would 
be  almost  impossible  unless  it  had  very  good  information  or  where  to  scan.  If  the 
target  was  a  lens  4  in.  in  diameter  and  located  one  mile  away,  the  solid  angle  of  the 
target  (of  a  total  of  4fT  steradians)  would  be  only  2.5  x  10  Phis  would  be  ex¬ 
tremely  difficult  tt>  find,  It  would  be  even  worse  if  the  se.irch  d'  \  i>'t  was  also  nai  row- 
beam.  To  ov<  rt  ume  this  problem  on  t)ie  groumf,  the  initial  s«  .irching  is  done  with 
microwave  radars  wJiose  beam  divergence  is  very  Iarg»‘  by  i  ompanson  with  that  <»f 
the  laser.  Tins  would  not  lie  an  ai  ceptah!*-  solution  in  sp.ice,  thougfi,  .-once  it  would 
defeat  th«  prim-iry  (lurfKtse  of  using  •»  l.i.s«  r  for  <  •numuno  atmg.  \  no^sibit  solution 
to  U»e  probii'tu  would  be  to  fit  the  transrmtting  satejlitr  with  -*n  oju.i  .U  syslens  that 
could  on  l  omt’iund  pri«flu<  <  an  atlju.tiabU  bi  ain  divt  rgen>  •  w’th  a  f*  .  dh,i<  k  li»t,»p  that 
would  permit  homing  m  on  ipi  t-irg*  t. 

From  mos'  other  Wfuiints,  the  laser  would  be  an  ex<  i  lletlt  tft  vi  »■  (or  point-to- 
point  <  ommunr  atum  in  spate.  The  beam  •  an  be  so  dire,  tion.il  bt  tween  two  points 
that  no  outsider  can  pic  K  up  the  information  being  tr.tnsniitted  or  jam  the  re.  eiver. 

In  addition,  the  antenna  .ind  .issoi  i.ited  i  tpiipno  nt  ar«  v«  r>  small  in  •i-e  and  thereb  rt 
low  tn  wo.ght.  This  gives  l.i.«ers  .»  strong  advantage  ovt  r  mu  rt^wavi  sy.Mtt-ins  sirut 
oiirrss  weight  is  extremely  undesirable  m  .Hatellife  instrumi  ntation.  Injection  last  rs 
appear  very  ust  ful  in  this  area  siiit  •-  they  <  ould  be  jiowered  t»y  stdar  *  •  11s  .ifid  t  an 
easily  b«^  mi r rr>wave- modulated. *  '  N'\S\  has  siiown  jntt  rt  ..t  m  this  area  h>  a».irdsng 
onr  contrat !  for  a  laOO-rmlc  slant-ratigc  •  ou  e  t  ommutiu  at-.-.n  >  \stt m  md  aiii.K-.i  r 
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study  contract  for  a  deep-space  laser  tracking  system  with  a  minimum  range  of 
50  million  miles.  There  is  some  doubt,  however,  as  to  the  usefulness  of  the  laser 
in  this  latter  area.^® 

4.8  Land  and  IJaderwater  ConauniealiAns 

In  other  communication  areas,  lasers  are  apparently  not  too  useful.  They  will 
certainly  never  replace  the  normal  megacycle- range  carriers  of  radio  and  TV 
information,  for  the  following  reasons:  (a)  large-angle  radiation  patterns,  rather 
than  directional  ones,  arc  needed,  (b)  water  vapor  absorption  is  too  great  to  over¬ 
come,  and  (c)  the  costs  would  be  excessive,  particularly  when  we  consider  the  in¬ 
vestment  that  citizens  clrcady  have  in  standard  radio  and  TV  gear. 

Since  the  first  announcement  of  the  laser,  the  Navy  has  been  interested  in  ob¬ 
taining  one  whose  wavelength  is  in  the  blue-green  region  for  underwater  communica¬ 
tion  purposes.  This  might  be  acceptable  for  a  short-range  communication  system, 
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but  it  is  estimated^  that  absorption  and  scattering  would  limit  this  distance  to  no 
more  than  2  miles  under  the  best  transmission  conditions.  Consequently,  this  applica¬ 
tion  does  not  look  particularly  hopeful. 

4.9  A  Rotatian-Rate  Sensor 

In  closing  this  necessarily  brief  discussion  on  the  application  of  lasers  to  com¬ 
munications,  it  seems  appropriate  to  describe  onf  of  tlie  best  laser  applications  to 

date  since  it  is  an  excellent  example  of  utilization  of  the  coherence  property  of  laser 
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radiation.  Using  a  ring  type  of  traveling-wave  gas  laser,  workers  at  Sperry 
Gyroscope  Company  have  demonstrated  rotation-rate  sensing  with  respect  to  an 
inertial  frame  of  reference  .  Since  a  point  on  the  Eurface  of  the  earth  is  continually 
changing  its  direction  owing  to  the  spinning  of  th^  earth,  the  earth's  movement 
around  the  sun,  and  the  possible  rotations  of  our  galaxy  through  space,  it  is  not  an 
inertial  frame  of  reference;  and  consequently,  the  ring  laser  can  detect  this  rotation. 

A  diagram  of  this  system  is  shown  in  Figure  4.  2, 

First  consider  that  the  ring  is  not  rotating.  The  resonant  wavelengths  K,  of  the 
ring  laser  are  given  by 

ki-Xj  =  L, 

where  is  an  integer  (on  the  order  of  a  million)  and  L  is  tiie  total  length  around  the 
loop.  Since  waves  can  propagate  in  both  directions  around  the  ring,  angular  rotation 
in  one  direction  will  make  one  path  effectively  shorter  than  the  path  in  the  opposite 
direction.  This  will  cause  the  resonant  wavelengths  to  be  different  for  the  two  di¬ 
rections,  and  their  difference  will  depend  on  the  rotation  rate  of  the  ring.  The  beat 
frequency,  as  detec  ted  by  the  methexJ  shown  in  Figure  4.  2,  can  be  written  as 

M  = 


4u)  A 
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where  A  is  the  area  of  the  ring  and  x  is  the  wavelength  of  the  light  being  used. 

The  rotation  of  the  earth  has  been  detected  before  in  experiments  with  in¬ 
coherent  light,  but  a  laser  makes  it  much  easier  to  do.  The  real  application  of 
this  system  will  not  be  as  a  monitor  of  the  earth's  rotation  rate,  but  as  a  gyroscope. 
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Figure  4.2.  Laser  Rotation-Rate  Sensor 

The  present  sensitivity  of  the  ring  rotation-rate  sensor  is  5°/hr,  which  is  about 
one  third  of  the  earth's  rate.  Sperry  predicts  that  it  will  be  a  straightforward 
matter  to  increase  the  sensitivity  to  0.001*^/hr  which  will  put  it  in  direct  competition 
with  the  largest  and  most  sensitive  mechanical  gyroscopes  made  t  day.  These 
gyroscopes  cost  about  $50,  000;  a  laser  rotation-rate  sensor  of  similar  sensitivity 
costs  perhaps  one-tenth  the  amount.  Consequently,  this  device  should  generate  a 
new  class  of  navigation  devices. 

4.10  References 

1.  C.J,  Peters,  Further  developments  in  wideband  coherent  light  modulators, 

Proc.  1963  NEREM  Convention.  Boston,  Mass. 

2.  R,  Benson,  R.  Godwin,  and  M.  Mirarchi,  New  laser  technique  for  ranging 

application,  Proc.  1962  NEREM  Meeting.  Boston,  Mass. 

3.  Electronic  Design.  May  11,  1964. 

4.  R.  Targ,  Proc. IEEE  52:303.  1964. 

5.  C.F.  Buhrer.  V.J.  Fcwler.  and  L.R.  Bloom.  F'roc.IRE  50: 1827.  1962. 

6.  I.  Melngailis  and  R.H.  Rediker,  Appl.  F^vs.  Letters  2:202,  1963. 

7.  E.  Snitzer  and  F.  Hoffman,  Frequency  Control  of  a  Neodymium  Glass  Laser. 

Paper  presented  at  the  Fall  1963  Meeting  of  the  Optical  Society  of  America. 
Chicago,  Ill. 

8.  W.R.  Hinchman  ard  A. L.  Buck,  Proc. IEEE  52:305.  1964, 

9.  O.E.  celange.  Proc. IEEE  51:1361.  1963. 


18 


10.  B.M.  Oliver.  Proc.IRE  M:135.  1962 

11.  B.S.  Goldstein  and  J.D.  Welch.  Proc.IEEE  52:715.  1964. 

12.  J.P.  Mutschlecher.  D.  K.  Burge,  and  E.  Regelson.  AppI, Optics 

2:1202.  November  1963 

13.  W.M.  Macke  and  O.T. M.  Davis.  Jr..  Appl. Fhys, Letters  2:67,  1963. 

5.  APPLICATIONS  iN  BIOLOGY 

The  study  of  biological  effects  resulting  from  exposure  to  coherent  radiation 
is  one  of  the  newest  fields  in  medical  research.  Although  only  a  few  initial  ex¬ 
periments  have  been  performed,  their  results  indicate  that  the  application  of  lasers 
in  this  area  will  be  rewarding.  Very  little  is  at  this  time  known  about  the  response 
of  a  living  cell  to  coherent  radiation,  but  several  well-known  medical  laboratories 
are  now  studying  this.  A  new  Medical  Laser  Laboratory  is  now  being  established  at 
the  University  of  Cincinnati  specifically  for  research  in  this  area. 

5.1  Areas  of  Stady 

Fine.  Klein,  and  Scott ^  have  written  an  excellent  review  article  on  the  subject 
"Laser  Irradiation  of  Biological  Systems,”  which  summarizes  laser-related  biological 
investigations  that  have  been  and  are  being  made.  The  interested  reader  should  consult 
this  article,  especially  for  its  extensive  list  of  references. 

The  studies^  in  this  broad  area  can  be  grouped  as  follows:  (1)  the  interaction  of 
laser  radiation  with  biological  systems.  (2)  application  of  lasers  as  aids  in  under¬ 
standing  biological  systems,  (3)  adaptation  of  laser  devices  for  medical  diagnosis 
and  therapy,  (4)  assessment  of  the  hazards  involved  at  the  power  density  levels  attain¬ 
able  by  lasers,  on  both  a  short-  and  long-term  basis,  and  development  of  safeguards, 
(5)  correlation  of  effects  on  biological  systems  with  those  on  physical  systems  in 

order  to  assist  in  an  understanding  of  underlying  factors. 

2 

More  specifically,  it  has  been  shown  that  free  radicals  can  be  generated  in 
animal  tissue  as  a  result  of  laser  irradiation.  Further  studies  are  required  to  de¬ 
termine  the  nature  of  these  free  radicals  and  whether  they  differ  significantly  from 
those  produced  by  heating.  Studies  on  the  blood  group  substances  indicate  that  laser 
Irradiation  may  enhance  rather  than  decrease  the  biologicad.  reactivity  of  a  molecule . 
Enzymes,  proteins,  single  cells  from  many  sources,  microorganisms,  plant  cells, 
and  intact  animals  have  also  been  studied.  Some  specific  studies  and/or  applications 
are  summarized  in  the  remainder  of  this  section. 

5.2  MaliisMat  Tsaors 

Work  that  was  reported  on  at  the  Second  Boston  Laser  Conference  (Northeastern 
University,  August  1963)  and  the  winter  meeting  of  the  American  College  of  Surgeons 
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by  McGuff,  Bushnell,  and  Deterling  indicates  that  laser  energy  has  a  selective  effect 
on  certain  experimental  malignant  tumors  of  human  origin  that  have  been  transplanted 
and  have  thrived  in  hamsters.  Their  experiments  showed  that  the  laser  radiation 
produced  regression  or  disappearance  of  the  tumor;  effects  on  normal  tissue  was 
minimad  and  healing  was  rapid.  It  must  be  emphasized  that  not  all  investigators  have 
observed  such  effects  and  thus  there  is  some  uncertainty  in  the  conclusions  that  can 
be  drawn  from  tliese  experiments.  McGuff  et  al.  have  also  investigated  the  effects  of 
a  high-energy  laser  on  one  human  male  that  had  recurring  (after  surgery)  skin  cancer. 
The  one  tumor  of  three  that  was  fully  irradiated  disappeared  almost  entirely;  a  second 
one  that  received  half  as  many  shots  from  the  laser  receded  by  about  45  to  50  percent. 
The  third  tumor,  which  was  not  irradiated  at  all,  lost  about  20  percent  of  its  malig¬ 
nant  cells.  Obviously,  the  results  of  this  experiment  are  very  encouraging,  but  much 
more  work  must  be  done  before  the  ultimate  usefulness  of  laser  radiation  in  this  area 
of  medicine  is  known.  Nevertheless,  this  example  illustrates  the  potential  application 
the  laser  has  for  medical  research. 

5.3  Cel)  Irradiation  and  Cauterization 
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Irradiation  of  single  cells  by  3-ju -diameter  laser  beams  has  resulted  in  the  de¬ 
struction  of  several  chromosomes;  this  indicates  the  possibility  of  studying  genetics 
by  selective  destruction.  The  laser  has  also  been  used  as  a  cauterizing  tool  on  human 
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beings,  and  for  other  local  treatment  of  skin  growths  and  blemishes.  It  was  reported 
that  experiments  to  date  indicate  the  laser  to  be  superior  to  conventional  cauteries  in 
that  it  produces  faster,  clearer  cures  without  secondary  infections.  Among  other  pos¬ 
sibilities  that  have  not  yet  been  investigated  are  sterilization  and  microsurgery. 

5.4  Retinal  Surgery 

The  initial  research  efforts  in  this  field  have  been  confined  to  the  effects  of  laser 
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radiation  on  the  eye.  Soon  after  the  first  ruby  laser  was  made  it  was  shown  that 

lesions  could  be  produced  on  the  retina  of  the  eye  of  a  rabbit  with  energies  on  the 
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order  of  0. 1  joule  in  10  sec.  This  certainly  illustrates  the  inherent  danger  in  work¬ 
ing  with  high-energy  lasers. 

The  most  immediate  application  that  lasers  will  have  in  the  biological  area 
will  deal  with  reattachment  of  the  retina,  the  light-sensitive  membrane  on  the  rear 
interior  surface  of  the  eyeball.  Images  focused  through  the  lens  of  the  eye  strike 
the  retinal  area  and  are  transmitted  to  the  brain  via  the  optic  nerve.  If  the  retina 
becomes  loosened,  the  individual  gradually  loses  vision  in  that  eye.  High-power 
xenon  arc  lamps,  which  generate  a  moderately  strong  white  light,  have  for  a  number 
of  years  been  used  in  attempts  to  concentrate  sufficient  heat  in  the  area  of  the  un¬ 
attached  retina  to  cause  it  to  coagulate  and  become  reattached  to  its  supporting  tisstie. 
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The  difficulty  with  this  technique  is  that  the  optical  power  that  can  be  developed  is 
limited.  Consequently,  to  develop  sufficient  heat  to  reattach  the  retina,  exposure 
times  of  several  seconds  are  required.  Also,  since  the  light  is  heterochromatic  it 
can  not  be  focused  sharply  or  positioned  accurately.  The  ruby  laser  is  practically 
a  perfect  solution  since  it  can  develop  a  short,  intense,  monochromatic  pulse  that 
can  be  positioned  more  accurately  than  the  white  light  pulse.  This  is  desirable  to 
prevent  eye  damage  by  misdirected  exposure.  At  least  three  firms  have  recognized 
the  utility  of  the  laser  in  this  area,  and  are  now  manufacturing  and  testing  laser 
retina  coagvilators. 

In  summary,  the  laser  should  have  an  excellent  future  in  the  area  of  biological 
applications  and  medical  research.  This  prediction  is  strengthened  by  the  develop¬ 
ment  of  pulsed  gas  lasers  that  operate  in  the  blue  and  ultraviolet,  where  molecules 
and  chemical  reactions  are  considerably  more  sensitive  than  in  the  red.  The  laser's 
future  will  be  particularly  bright  if  further  work  substantiates  initial  findings  that 
malignant  tumors  such  as  melanomas  actually  regress  after  irradiation  with  a  high- 
energy  laser. 
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OTHER  SCIENTIFIC  APPLICATIONS 
(.1  Graenil  Rewarks 

Many  scientists  feel  that  the  laser  will  find  its  greatest  use  in  the  general  sciences. 
This  is  certainly  so  at  the  present  time  and  whether  it  stays  this  way  remains  to  be 
seen.  The  number  of  uses  for  lasers  in  different  areas  of  scientific  experimentation 
is  growing  rapidly;  high  power  and  ultraviolet  lasers  are  new  developments,  and 
because  of  the  long  delay  in  publication  of  results,  there  may  perhaps  be  more  applica¬ 
tions  that  have  not  been  published  than  have  been.  Certainly  most  sales  by  laser  manu¬ 
facturers  have  so  far  been  to  organizations  that  want  to  keep  up  with  the  laser  field, 
or  are  doing  research  in  lasers  or  associated  areas.  The  number  of  people  doing 
"research  in  associated  areas"  probably  exceeds  the  number  engaged  in  direct  laser 
studies.  Oectrical  engineers  are  rapidly  moving  into  the  field  of  optics  and  creating 
optical  analogs  of  normal  electronic  circuits.  Examples  are  devices  such  as  optical 
modulators,  demodulators,  optical  and  infrared  detectors,  ratio  detectors,  power 
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limiters,  optical  filters,  optical  transistors,  phased  arrays,  and  parametric  ampli- 
fi'^rs.  Very  few  of  these  devices  require  a  coherent  source  t  n  which  to  operate,  and 
could  consequently  have  been  developed  before  the  laser. 

The  laser  has  sparked  a  renaissance  in  the  field  of  opt-cs.  It  is  the  first  signif¬ 
icant  device  in  this  field  during  the  past  fifty  years  or  mo-e  (sor.ie  of  the  best  books 
on  optics  were  written  as  long  ago  as  the  turn  of  the  century).  The  laser  has  in  fact 
created  a  whole  new  field:  nonlinear  optics.  The  nonlin.,'arity  of  optical  materiads 
has  been  realized  for  many  years,  but  optical  radiation  that  was  sufficiently  mono¬ 
chromatic  and  intense  enou^  to  observe  such  effects  was  simply  not  available.  By 
using  the  appropriate  type  of  crystalline  material,  scientists  have  succeeded  in 
frequency-doubling  with  an  efficiency  as  high  as  20  percent.  For  example,  by  direct¬ 
ing  red  light  into  one  end  of  a  crystal,  they  have  been  able  to  get  red  light  and  blue 
light  with  a  wavelength  of  half  that  of  the  red  light  to  emanate  from  the  other  end. 

It  seems  hardly  necessary  to  point  out  the  impact  that  lasers  have  had  on  the 
study  of  materials  for  only  through  studies  of  this  type  are  new  laser  frequencies 
created.  A  number  of  new  tjqDes  of  crystalline  materials  have  been  developed  for  use 
as  host  materials  for  the  rare  earth  or  lanthanide  elements,  and  it  is  quite  reason¬ 
able  to  expect  that  these  new  materials  will  find  uses  other  than  for  lasers.  f)ur 
knowledge  of  the  transition  probabilities,  lifetimes  of  metastable  levels,  and  general 
spectroscopic  structure  of  the  rare  gases  and  rare  earths  has  certainly  improved 
since  these  have  become  primary  sour  es  for  the  active  laser  element.  For  instance, 
many  laser  frequencies  observed  when  rare  gases  were  used  were  not  predictable 
from  previous  knowledge.  The  study  of  various  gas  mixtures  in  a  laser  cavity  de¬ 
signed  to  operate  in  the  wavelength  region  from  20|i  to  30*i  has  shown  that  in  an  elec¬ 
trical  discharge  a  population  inversion  is  more  common  than  not.  This  conclusion  is 
drawn  from  the  fact  that  it  is  relatively  easy  to  make  a  long- wavelength  laser  using 
almost  any  gas  once  the  cavity  (tube  and  mirrors)  is  properly  designed. 

Describing  the  subjects  discussed  above  as  "applications  of  lasers"  is  somewhat 
tenuous  perhaps,  but  the  examples  do  illustrate  the  tremendous  impact  the  laser  has 
had  on  many  branches  of  science.  The  remainder  of  this  section  will  be  devoted  to 
the  discussion  of  well-defined  application  of  lasers  in  the  scientific  area. 

6.2  Raaaa  ii(>eriroacopy 

The  atoms  of  a  molecule  are  never  at  rest  but  constantly  vibrating  about  their 
equilibrium  positions.  To  a  good  approximation  a  diatomic  molecule  behaves  like 
a  pair  of  weights  connected  to  a  spring,  which  follows  Hooke’s  law.  This  vibrating 
system  is  defined  by  the  usual  expression  relating  the  vibrational  frequency  f.  the 
force  constant  K,  and  the  masses  for  a  harmonic  oscillator,  namely. 
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where  the  frequency  is  expressed  in  wave  numbers,  c  is  the  velocity  of  light,  and  p 
is  the  reduced  mass  of  the  molecular  system.  If  f  could  be  measiired,  the  strength 
of  the  force  constant  between  the  two  atoms  in  the  molecule  would  be  known. 

^ectroscopy  of  the  visible  range  is  not  difficult  since  sensitive  detectors  are 
available  auid  there  is  relative  freedom  from  noise.  Most  vibrational  frequencies 
occur  in  the  middle  infrared,  however,  for  which  sensitive  detectors  are  not  avail¬ 
able  and  where  thermal  noise  presents  many  problems.  The  Raman  effect  thus  be¬ 
comes  useful  because  it  allows  transitions  to  be  observed  in  Uie  visible  region.  Any 
material  that  will  transmit  visible  light  will  scatter  it  quotum  mechanically:  this 
scattering  virtually  corresponds  to  the  absorption  and  re-emission  of  the  incident 
radiation.  If  the  quantum  state  of  the  scattering  atom  or  molecule  is  the  same  after 
the  scattering  process  as  before,  the  frequency  of  the  scattered  light  will  be  the  same 
as  that  of  the  incident  light.  If  the  scattering  center  is  left  in  a  different  state,  the 
scattered  light  will  have  been  shifted  in  frequency  according  to  the  expression 

fj  »  f±AE/h  , 

where  f  j  is  the  scattered  frequency,  f  is  the  incident  frequency,  and  AE  is  the 
energy  difference  between  the  initial  and  final  states.  Whether  the  plus  or  minus 
sign  is  used  depends  on  whether  the  scattering  center  is  left  in  a  lower  or  higher 
energy  state,  respectively. 

In  Raman  scattering  the  intensity  of  the  shifted  radiation  is  always  small  com¬ 
pared  with  that  of  the  incident  radiatimt;  also,  when  AE  is  small,  f^  lies  close  to  f. 
Raman  sources  must  therefore  have  hig^  intensities  and  narrow  spectral  widths. 
These  conditions  are  well  satisfied  by  the  ruby  laser.  A  ruby  laser  having  an  out¬ 
put  of  0. 1  joule  was  used  to  observe  the  Raman  effect  and  found  to  be  aboaX  as  good 
as  a  conventional  red  light  source.  Hi|0ter-power  nd>y  lasers  should  therefore  be 
very  useful  Raman  sources  since  they  may  make  it  possible  to  observe  lines  that 
arc  too  weak  to  be  seen  with  cOTventional  sources.  The  continuous- wave  red  He-Ne 
laMr  used  as  a  Raman  source^  offers  these  advantages  over  ruby;  (1)  the  Raman 
effect  is  proportional  to  the  fourth  power  of  the  optical  frequency  used,  (2)  it  is  more 
convenient  since  it  is  continuous,  (S)  its  spectral  width  is  sntaller  .  and  (4)  better 
Raman  light-gathering  geometry  can  be  used.  It  should  be  usehil  for  detailed  Raman 
q>ectroscopy  since  its  direction,  polarlxation,  and  frequency  are  well  defined. 

It  should  oe  noted  that  stimulated  Raman  scattering  has  been  observed.^  Dis¬ 
covered  accidentally  in  an  experiment  in  which  nitrobenzene  was  being  used  as  the 
active  material  in  a  Kerr  cell,  this  radiation  was  found  to  be  coherent,  to  have  ex¬ 
cellent  directiiMiality,  and  in  some  cases  to  have  an  intensity  that  is  30  percent  of 
the  intensity  of  the  incident  beam.  Thus,  the  Raman  effect  can  be  used  as  the  basis 
ol  a  technique  for  creating  new  laser  frequencies. 
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6.3  Acoustic  Waves  is  Solids  asd  Liqsids 

The  large  optical  electric  field  of  the  ruby  laser  can  be  used  to  induce  coherent 

6 

lattice  vibrations  in  crystals.  The  process,  known  as  stimulated  Brillouin  scattering, 
is  analogous  to  Raman  laser  action  but  with  molecular  vibration  replaced  by  an 
acoustic  wave  of  frequency  near  3xl0^®cps.  The  lattice  vibration  is  amplified  as  it 
travels  through  the  crystal  with  the  incident  light  beam;  a  scattered  light  beam  that 
is  frequency- shifted  is  also  emitted  in  accordance  with  the  relations 

K  -  fc  4*  ic 

optical  acoustic  shifted 

and 


'^optical  ‘^acoustic  ^  *^8hifted 

This  process  may  also  be  viewed  as  either  phonoa  maser  action  or  parametric 
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amplification.  The  intensity  of  the  acoustic  waves  generated  has  been  approximately 
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1000  watts.  Somewhat  different  effects  have  been  observed  in  liquids.  Since  intense 
optical  fields  are  necessaa*y  to  observe  such  effects,  those  of  the  laser  will  make  it 
possible  to  study  this  process  in  a  wide  class  of  materials. 

6.4  Ether  aad  ReUlivily  ExperiaesU 

One  of  Einstein's  two  basic  postulates  of  special  relativity  was  that  the  velocity 
of  light  was  constant  in  an  inertial  frame  of  reference.  This  can  be  verified  by  means 
of  the  Michel  son- Morley  experiment.  The  surface  of  the  earth  may  not  be  exactly  an 
inertial  frame  but  this  experiment  is  not  sufficiently  sensitive  to  detect  the  difference. 
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Soon  after  the  first  laser  was  operated  it  was  proposed  that  lasers  be  used  to 

look  for  an  "ether  drift"  or  anisotropy  in  the  velocity  of  light  since  their  short-term 
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frequency  stability  can  be  on  the  order  of  one  part  in  10  .  first  experiment  in  this 

direction  was  performed^  by  using  two  gas  lasers  mounted  at  90^  to  each  other  and 
rotating  them  to  observe  whether  there  was  any  perceptible  change  in  the  beat  fre¬ 
quency.  It  was  found  that  any  frequency  shift  due  to  an  "ether  drift*  is  less  than  one 

11  3 

part  in  10  ,  which  may  be  regarded  as  confirmation  to  about  one  part  in  10  of  the 

Lorentz- Fitzgerald  contraction  attributed  to  the  earth's  orbital  velocity.  This  experi¬ 
ment  is  several  times  more  accurate  than  any  previous  attempt  to  measure  anisotropy 
in  the  speed  of  light,  and  will  probably  be  repeated  at  various  time  intervals  as  the 
earth  tiu>ves  through  space. 

If  ever  developed  to  the  point  where  it  can  be  considered  to  be  ar  independent 
time  standard,  the  laser  could  be  used  to  verify  many  ramifications  of  relativity 
theory.  Launched  into  orbit  for  a  period  of  years,  such  a  precise  time  standard  would 
allow  exceedingly  accurate  measurentents  to  be  made  of  time,  distance,  and  gravita¬ 
tional  effects.^ 
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t.S  Gm  PlaMM  DiagMsUc* 

A  plasma  can  be  considered  to  be  a  hif^'temperatiu'e  mixtl^re  of  ionized  elements 
having  no  net  charge.  Plasmas  are  of  great  interest  today  since  they  present  possi¬ 
bilities  for  developing  power  (magnetohydrodyramic  converters),  play  a  role  in  space 
propulsion,  and  the  ionosphere  itself  can  be  considered  to  be  a  weakly  ionized  plasma. 

The  study  of  plasmas  involves,  among  other  things,  gathering  data  on  their  tem¬ 
peratures.  electron  densities,  and  electron  velocity  distributions.  Placing  physical 
probes  into  the  plasma  to  measure  some  of  these  characteristics  disturbs  the  plasma 
and  masks  proper  interpretation  of  the  data.  Fiocco  and  Thompson^  ^  have  recently 
observed  Thomson  scattering  of  ruby  laser  radiation  (20- joule  SOOpsec  pulse)  from 

an  electron  beam,  which  illustrates  the  possibility  of  using  lasers  for  plasma  diag- 

12  -7 

nostics.  More  recently,  Schwarz  has  observed  scattering  of  a  0, 1- joule  10  -sec 

pulse  from  a  nonequilibrium  plasma.  Since  the  spectral  distribution  of  light  scattered 

by  the  free  electrons  in  the  plasma  is  related  to  the  electron  velocity  distribution  by 

the  Doppler  formula,  the  Thomson  scattering  method  shows  promise  as  a  tool  for 

plasma  diagnostics.  The  use  of  fast  high -intensity  pulses  is  necessary  since  the  plasmas 

change  rapidly  with  time  and  have  a  high  selflununosity.  The  Air  Force  has  let  a 
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contract  to  develop  a  precise  plasma  diagnostic  probe.  The  device  shows  promise 
as  an  infligitt  instrument  for  measuring  the  electron  density  distribution  in  the  flow 
field  of  a  reentering  hypersonic  vehicle  and  simultaneously  measuring  the  electron 
temperature  (rf  the  plasma  at  the  same  point.  The  ruby  laser  is  also  being  ised  to 
study  Raleigh  scattering  from  gases; some  deviations  from  Rayleigh  scattering 
theory  have  been  found  as  a  result  of  this  work. 

(.4  VlerMMfle  Sfctwcsfy 

A  new  instrument  on  the  market  can  be  used  for  spectroscopy  of  microscopic-size 
samples  widiout  extensive  sample  preparation.  Called  the  Laser  Microprobe,  it  rep¬ 
resents  one  of  the  first  industrial  or  scientific  applications  of  the  laser.  It  incorporates 
a  Q-switched  ruby  laser  (1.0- joule  I0“*“sec  pulse)  whose  beam  is  focused  exactly 
onto  the  desired  area  of  the  sample  being  studied.  Firing  the  laser  creates  a  plume 
that  contains  partially  ionized  elements  and  chunks  of  the  sample.  Since  it  is  a  con¬ 
ducting  plasma,  its  conductivity  is  utilized  to  cause  a  spark  gap  discharge  through  it, 
which  itmises  it  more  completely,  A  standard  optical  system  is  then  used  to  collect 
some  of  the  radiation  from  the  excited  ions  and  focus  it  onto  the  slit  of  a  standard 
spectrogri^.  Thw.  in  one  (lash  of  the  laser  the  spectrum  of  the  sample  is  recorded. 
There  are  a  number  of  advantages  in  using  a  laser  this  way.  First,  the  sample  does 
not  have  to  be  electrically  conducting  and  so  a  nonmetal  inclusion  in  a  metal  matrix 
can  easily  be  analyzed  in  situ;  when  a  laser  is  not  used  it  is  necessary  to  excise  the 
nonmetal  sample  and  analyse  it  in  a  cap  electrode  or  use  some  other  method  to  make 
it  conducting  in  order  to  have  a  route  for  the  charge  to  leak  of(,as  from  the  stanu^rd 
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soark-gap  exciter.  Second,  a  precise  preselected  area  of  the  sample  can  be  anal3rzed, 
whereas  the  spark-gap  exciter  produces  a  broad  burn  that  cannot  be  constricted.  The 
laser  also  eliminates  the  necessity  for  having  direct  contact  with  the  sample.  The 
spot  size  produced  by  the  laser  in  this  instrument  is  typically  50^  to  80^  in  diameter; 
with  a  better  optical  system  this  spot  size  could  be  controllable  down  to.  say.  or 
up  to  as  large  a  size  as  desired.  Although  this  device  is  discussed  under  the  heading 
Scientific  Application  it  will  certainly  find  many  uses  in  industrial  areas  where  quick 
and  complete  spectrographic  investigation  is  necessary. 

6.7  Defease  4pplkatioas 

If  the  number  of  articles  published  in  popular  magazines  about  the  death- ray  as¬ 
pect  of  lasers  indicates  anything,  it  indicates  that  man  is  ever  ready  to  believe  that 
all  things  are  possible.  The  United  States  Government  is  certainly  taking  a  long  look 
at  this  possible  application,  if  we  can  judge  from  what  we  see  in  Aviation  Week, 
but  it  takes  a  true  believer  to  accept  that  it  will  eventually  be  possible  to  direct  and 
focus  sufficient  energy  from  the  ground  onto  a  target  in  the  upper  atmosphere  in  such 
a  manner  as  to  destroy  it  or  even  alter  its  course.  It  is  interesting  to  note  that  energy 
amounting  to  1000  joules  is  not  sufficient  to  boil  Igm  of  water.  Admittedly,  it  will 
punch  a  small  hole  in  a  piece  of  steel  that  is  in  the  focal  plane  of  the  lens,  but  this  is 
a  far  cry  from  the  true  death  ray  or  heat  beam.  Even  if  it  were  possible  to  harness 
a  good  fraction  of  Niagara  Falls  to  fill  a  capacitor  bank  in  order  to  store  up  10^^  joules 
to  fire  10, 000  separate  lasers  it  doesn't  seem  likely  that  the  device  could  fire  very 
often,  and  any  sort  of  optical  system  used  in  an  attempt  to  focus  such  a  beam  would 
certainly  have  to  be  replaced  after  every  shot.  Much  more  likely  applicaticms  will 
be  for  short-ranging  units,  detection  of  metal  objects  in  fog  or  at  night,  and  vision 
impairment  of  enemy  ground  personnel. 

6.1  titsssrewssi  ef  Optical  Propartiaa  mt  tlsiMiala 

Gas  lasers,  because  of  their  excellent  coherence,  narrow  frequency,  and  direc¬ 
tionality.  allow  many  qptical  measurements  to  be  made  easier  and  more  conveniently 
than  normal  light  sources.  They  are  typically  used  for  measuring  thceoptical  quality 

of  laser  rods^*'  and  other  large  samples  of  optically  transparent  material,  aberrations 
17  18 

of  lenses,  and  Indexes  of  refraction  to  within  S  .003.  They  also  find  use  in 
schlieren  photography— an  optical  technique  fur  detecting  denaity  gradients  in  materials. 
The  gradients  (whether  they  occur  in  solids,  liquids,  or  gases)  produce  refractive 
index  variations  that  in  turn  show  up  as  optical  image  distortions.  An  example  of  the 
use  of  this  technique  is  in  fiosr  analysis  over  surfaces  in  wind  tunnels. 
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6.f  UtaMllwMM  SstMUfle  Aim* 

6.9.1  INSTRUCTIONAL  AIDS 

A  portable  gas  laser  that  (grates  in  the  visible  spectrum  and  has  replaceable 
and  adjustable  mirrors  can  be  an  excellent  tool  for  use  in  teaching  students  the 
properties  of  resonators,  coherence  theory,  diffraction,  interference,  and  the  general 
properties  of  electromagnetic  radiation.  Judging  from  the  number  of  high  school  and 
college  physics  laboratories  in  this  country  aikl  ad>road,  there  ought  to  be  a  good  mar* 
ket  for  a  low*cost  laser  of  this  type. 

8.9.2  STELLAR  INTERFEROMETRY 

Our  knowledge  of  the  universe  has  come  almost  entirely  from  observations  of 

visible  light  and  radiowaves  firoro  the  stars.  Infrared  a>}tronomy  could  supplement 

optical  aid  radiofrequency  astronomy  and  perhaps  even  prove  useful  in  its  own  right. 

19 

A  system  has  been  proposed  for  doing  this  by  using  the  high-gain  i50db/m)3.3S-M 
line  of  die  He-Ne  system  since  it  is  close  to  a  window  in  the  infrared  absorption 
spectrum  of  the  atmos]^ere. 

6. 9.3  GENERATION  OF  POWER  IN  THE  FAR  INF  RARED 

At  the  present  time,  there  are  no  power  sources  beyond  133|i  (.  133  mm)  or 
above— say— lOOOp  (1  mm).  Tube  development  has  practically  ceased  at  0. 6  mm  and 

it  seems  likely  that  lasers  will  close  the  gap.  Laser  sources  have  got  to  .  133  mm 

*  8 

(Sec.  3,  Ref.  6)  but  output  powers  are  very  low  (less  than  10  watt).  It  has  been 
20 

proposed  that  mixing  two  lasers  wmild  generate  a  difference  frequency  in  the  far 
infirared;  this  will  certainly  not  be  a  very  efficient  system  but  it  may  produce  more 
than  masers  would  if  they  could  operate  at  these  wavelengths. 

6. 9. 4  METEOROLCXIY  AND  GEOPHYSICS 

Hi^-power  lasers  show  promise  of  being  useful  research  u>ois  in  meteorologic 

studies.  Reflections  of  the  laser  radiation  have  been  detected  from  stratified  layers 
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at  altitudes  of  60  and  120  km;  it  is  presumed  that  this  occurrence  results  from 
meteor  dust  caused  by  the  breatnqi  of  meteors  at  even  higfier  altitudes.  Other  appli- 
caflons  inelttds:  (1)  measurement  of  clear  air  turbuleo.-e  that  is  ‘nvisible  to  the  eye 
or  microwave  radar  (euch  instrumenta  could  be  installed  directly  on  the  aircraft), 

(2)  study  of  fbf  particles.  (3)  study  of  ice  particles  in  clouds  as  a  means  of  determin* 
li^  air  tsaperature,  and  (4)  measurement  of  land  msea  locations  (geodesy). 
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7.  KfPUCKmSS  l!4  HeTALfOllUNG 


7.1  frsfwwiss  «f  FacaMd  lUdiatiw 


Since  it  is  in  the  metalworking  area  thai  the  intensity  of  laser  beams  is  used, 
it  would  be  well  at  this  point  to  review  the  limitiitg  factors  on  focusing  the  radiation 
and  the  intensities  that  can  be  <^uined. 

It  is  well  known  from  the  theory  of  optics  that  the  focused  intensity  1  as  a  fUnc' 
lion  of  die  radius  r  of  a  plane,  spatially  c  oherent,  monochromatic  wave  is  given  by 

raj.iedi/xol* 

srhsrc  K  Is  the  wavelength,  f  and  d  arc  the  focal  length  and  diameter  of  the  lens  used, 
J|<r)  is  the  first'order  Bessel  function,  Md  l^is  the  intensity  .t  the  center  (r  aO)  of 
the  focused  spot.  From  rsdtowave  transmission  theory,  can  be  shown  to  be 
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P  . 


28 


where  P  is  the  power  of  the  laser  beam.  The  radius  r  of  the  focused  spot  is 
obtained  by  setting  the  argument  of  Jj  equal  to  its  first  zero,  which  is  3.83,  that  is. 


or, 

r'  -  k(1.22  . 

It  can  be  seen  from  this  last  equation  that  if  f/d  (the  f/number  of  a  lens)  is  made 
equal  to  1/2,  then  the  diameter  of  the  focused  spot  will  be  approximately  one  wavelength. 

It  must  be  emphasized  that  this  theory  is  valid  for  a  uniform  plane  wave  whose 
extent  is  greater  than  that  of  the  lens  (for  example,  in  the  case  of  light  from  a  star). 
Generally  this  theory  is  not  valid  for  a  ruby  or  glass  laser  rod  with  the  simplest  focus¬ 
ing  optics  since  the  wave  is  not  at  all  plane.  In  these  actual  cases  the  beam  divergence 
is  typically  1  to  30  milliradians.  This  is  caused  by  the  excitation  of  higher-order 
transverse  modes  (sometimes  referred  to  as  'off-axis'  modes)  of  the  laser  resonator; 
the  order  of  the  mode  excited  is  a  function  of  the  ratio  of  the  laser  rod  diameter  to 
the  cavity  length.  If  a  microscope  objective  is  used  to  focus  the  radiation  (assume 
a  l-cm  focal  length)  the  spot  size  would  be  or.  the  order  of  lOp  to  300p.  It  is  still 
possible  to  obtain  spot  sizes  from  ruby  lasers  that  approach  a  wavelength  in  diameter 
by  using  a  suitably  small  aperture  in  th*.  focusing  system.  In  these  cases  the  above 
theory  is  valid  but  considerable  energy  is  wasted. 

With  P  =  500  X 10'’  watts,  the  focal  length  =  1  cm,  and  the  beam  divergence  =  1  milli- 
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radian,  the  power  density  will  be  0.6x10  w/cm  .  This  is  a  power  density  that  is 
many  orders  of  magnitude  beyond  anything  obtainable  using  any  other  source  of  radia¬ 
tion.  Since  this  can  be  concentrated  in  such  a  smrll  spot,  it  is  obvious  why  the  laser 
has  appp'  ation  in  the  metalworking  area,  for  this  is  more  than  sufficient  power  to 
punch  a  hole  in  1/8-in.  steel.  The  hole-burning  ability  of  a  high-power  laser  is  usually 
demonstrated  by  the  number  of  razor  blades  it  will  burn  tlirough  simultaneously.  The 
unit  for  this  measurement  is  t.ie  "gillette";  10  "gillettes"  represent  a  high -power  system. 

7.2  Theoretical  Aspects  of  Laser-Machining;  Hole-Drilling 

Many  speakers  and  writers  have  mentioned  the  applicaiion  of  lasers  to  machining 
and  hole-punching,  saying  only  that  it  would  be  useful  and  not  providing  an  analysis  of 
the  problem.  This  is  certainly  reasonable  because  of  the  newness  of  the  field  and  also 
because  of  the  difficulty  in  analyzing  the  reaction  that  occurs  when  an  ultrahigh  energy 
beem  impinges  on  a  metal.  Rothstein, ^  however,  has  made  a  semiquantitative  analysis 
of  the  problem  which  qualifies  him,  better  than  most  people,  to  make  predictions  about 
the  usefulness  of  lasers  in  this  field.  The  following  is  a  very  brief  review  of  part  of 
his  theory  on  the  reaction  that  occurs. 
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The  source  of  radiation  considered  by  Rothstein  is  the  standard  (not  Q-switched) 

*6 

high-power  ruby  laser  that  generates  many  10  -sec  spikes,  each  of  which  contains 
-2  4-4 

about  10  joule  of  energy  (10  watts  peak  power).  Assume  the  volume  involved  is  a 
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cube  10  microns  on  a  side,  containing  about  10  atoms.  If  the  heat  energy  required 

-2 

to  vaporize  an  atom  is  10  electron  volts,  and  the  10  joule  is  equally  distributed  in 

19  4 

the  volume  (1  joule  =  10  ev)  each  atom  will  absorb  10  ev;  this  will  be  more  than 
enough  to  cause  the  small  volume  to  vaporize.  If  each  particle  has  only  1  ev  more 
energy  than  is  required  to  vaporize  it,  the  effective  temperature  of  the  mixture  will 
be  12,  OOO^K  (at  300°K,  kT  =  .  025  ev).  The  kinetic  theory  of  gases  gives  as  the 
pressure:  p  =  nkT,  where  n  is  the  particle  density.  From  this  we  can  deduce  that  p 
will  be  about  4000  atmospheres  which  explains  why  we  see  the  vaporized  material 
ejected  in  the  form  of  a  plume.  Once  again,  if  we  use  the  kinetic  theory  of  gases  and 
assume  T  =  10^  °K  we  can  compute  the  average  velocity  of  this  plume  to  be  Imm/psec. 
Thus,  if  the  next  spike  from  the  laser  arrives  within  l*isec,  the  thermally  ionized 
atoms  should  have  moved  out  of  the  vicinity  of  the  hole,  thus  permitting  the  next  spike 
to  continue  the  "boring"  process.  Another  viewpoint  is  to  consider  the  plume  as  a 
plasma.  Rothstein  shows  that  the  density  of  this  plasma  Ip  sec  later  ought  to  be  low 
enough  for  the  laser  wavefront  to  propagate  through  it  unabsorbed. 

An  important  conclusion  can  be  drawn  from  this  analysis:  the  radiation  in  the  next 
spike  can  propagate  through  the  plasma  and  bore  a  deeper  hole.  There  are  thus  no 
strong  limitations  on  drilling  depth  with  a  laser  as  there  are  for  an  electron  or  ion 
beam  [  which  are:  (a)  the  charged  particles  are  badly  scattered  by  the  dense  vaporized 
material,  and  (b)  the  evaporated  material  constitutes  a  plasma  jet  quite  capable  of 
turning  into  an  arc  dischai  ge  under  Die  high-voltage  conditions  necessary  to  do  machin¬ 
ing  with  a  charged-particie  beam.  This  arcing  can  be  severe  enough  to  destroy  both 
the  sample  and  the  apparatus] .  Given  the  proper  time-dependence  of  the  spikes,  it 
would  be  expected  that  the  limitations  on  drilling  depth  would  be  set  by  the  optical  prob¬ 
lem  of  maintaining  a  narrow  beam  over  the  desired  depth,  or  by  interference  caused 
by  redeposition  of  evaporated  material  on  the  walls  of  the  hole. 

The  width  of  the  hole  should  be  controllable  by  defocusing  the  optical  system  used 
to  focus  the  beam.  The  penetration  depth  should  certainly  drop  at  the  same  time  if 
a  constant-energy  source  is  used.  Rothstein  has  pointed  out  that  it  may  be  possible 
to  machine  holes  that  are  smaller  in  diameter  than  the  wavelength  of  light  since  pe¬ 
ripheral  cooling  of  the  focused  spot  should  restrict  high  evaporation  rates  to  the 
central  region. 

It  is  unlikely  that  the  laser  will  be  used  for  the  removal  of  large  areas  of  metal. 
Instead,  machining  applications  will  more  likely  be  confined  to  precision-drilling  or 
perforating  jobs.  Materiad  hardness  does  not  present  a  problem  since  diamond  and 
sapphire  have  been  drilled.  Another  advantage  in  laser  metalworking  is  that  the  'cut¬ 
ting  tool'  can  be  removed  from  the  workpiece.  If  need  be,  the  workpiece  can  be  in  a 
glass- enclosed  vacuum. 
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An  example  of  what  a  laser  might  be  capable  of  doing  is  given  by  the  specifica¬ 
tions  on  a  USAF  contract  for  precision-boring.  The  laser  will  measure  and  control 

six  bore  characteristics:  diameter,  roundiiess.  taper,  camber,  bell-mouth,  and 
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surface  finish.  The  accuracy  (in  diameter}  is  to  be  8  x  10  in.  for  bore  diameters 
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from  0.05  in.  to  0.09  in.  and  5x10  in.  for  diameters  from  0.09  in,  to  0.25  in. 

7.3  Solderiag  aad  Veldiag 

The  boring  process  consists  in  removing  material,  which  a  laser  is  quite 
capable  of  doing.  On  the  otlier  hand,  soldering  and  welding  are  degraded  by  the  loss 
of  material;  instead  of  removing  material  in  the  soldering,  brazing,  or  welding  proc¬ 
esses.  material  is  added  to  bond  the  original  material  together  by  heat.  To  prevent 
the  plume  from  forming,  the  power  of  the  laser  beam  has  to  be  kept  low  since  the 
internal  pressure  in  the  molten  material  is  related  to  the  temperature  of  the  melt 

(p  =  nkT).  What  is  required  then  is  a  laser  source  having  high  average  power  rather 

2 

than  hi^  peak  power.  To  build  a  continuous  welder,  it  is  estimated  that  a  36-watt 
ruby  laser  could  be  used  if  operated  at  a  rate  of  100  pulses/  sec,  with  each  pulse 
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lasting  .  00 1  sec .  That  the  state  of  the  art  is  not  far  from  this  is  indicated  by  a  paper 
entitled  "A  High  Repetition  Rate  Laser  System."  An  average  power  of  30  watts  at  a 
prf  of  60pps  was  obtained  with  a  1/4-in.x  3-in.  neodymium  laser.  The  argon  light 
source  used  was  operated  at  300^K  and  air-cooled.  The  peak  power  was  IMw,  how¬ 
ever,  which  would  probably  blast  away  the  material  to  be  welded  but  it  should  be  a 
simple  matter  to  increase  the  pulse  length  and  thereby  reduce  the  peak  power. 

Although  continuous  welders  may  be  some  time  away,  spot  welders  are  being  sold 
now  by  several  companies.  Specifications  for  one  of  them  are:  material,  ruby; 
cost,  $6,000  to  $8,000;  beam  energy,  0.  Ij  to  2.0j  (adjustable);  repetition  rate,  12  ppm 
at  Ij  or  9  ppm  at  2j;  pulse  duration,  0.5  msec  to  1.5  msec;  spot  size,  adjustable  from 
5  mil  to  20  mil.  An  optical  schematic  drawing  of  a  laser  welder  is  shown  in  Figure  7. 1. 

An  immediate  use  for  these  instruments  will  be  in  the  microelectronics  area 
where  it  is  necessary  (a)  to  join  wires  as  small  as  12*4  [0.0005  in.  ]  in  diameter, 

(b)  to  weld  thin  films  together,  and  (c)  to  connect  smadl  wires  to  films.  These  capa¬ 
bilities  have  already  been  demonstrated. 

Energy  requirements  for  spot-welding  sheet  stock  up  to  1/8-in.  thick  are  not 
so  great  that  welders  for  this  use  cannot  be  built  now.  Since  1500-j  pulses  are  now 
possible,  a  limiting  factor  in  making  good  welds  may  be  the  pulse  shape  and  duration. 
Little  quantitative  work  has  been  done  in  this  area  and  little  at  the  present  time  is 
known  about  the  strength  of  laser-made  welds.  Investigations  are  in  progress. 

7.4  Other  Melslworklsg  Appllcstiosa 

Other  application  areas  are  the  followingt 

1.  Precision  metal  removal.  The  laser  has  been  used  to  trim  metal  film 
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Figure  7.1.  Optical  System  for  a  Laser  Welder 
{Courtesy  of  Electronics.  July  5,  1963) 


resistors^  to  within  a  tolerance  of  0. 1  percent  and  to  remove  microgram  quantities 
of  material  from  balance  wheels,  and  gyro  rotors  while  in  motion. 

5 

2.  Tunnel-diode  alloys. 

3.  Electric  propxilsion.  What  is  the  feasibility  of  propelling  space  vehicles  with 
ions  that  are  generated  when  a  laser  beam  impinges  on  a  piece  of  tungsten? 

4.  Generation  of  large  pulse  currents.  By  focusing  the  laser  beam  onto  a 
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tungsten  cathode  current,  densities  of  20,  OOOamp/cm  can  be  produced. 

5.  Hermetic  seals.  The  use  of  overlapping  laser  weld  areas  in  geomftric  con¬ 
figurations  can  form  liermetic  seals  that  were  exceedingly  difficult  to  obtain  prior  to 
the  advent  of  the  laser. 
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8.  APPLICATIONS  IN  MISCELLANEOUS  AREAS 

Several  applications  have  been  suggested  by  a  number  of  people  but  have  not  been 
developed  appreciably  at  the  present  time.  Since  there  is  little  information  on  these 
oOier  than  conjecture,  they  are  grouped  in  the  miscellaneous  area.  Also  included  are 
other  applications  that  do  not  fit  into  the  six  previous  categories. 

8.1  Optoeiectroaica  aid  Coaipatera 

The  potential  efficiency  and  inherent  circuit  compatibility  of  optoelectronic  devices 
now  being  developed,  such  as  diode  lasers,  light-emitting  diodes,  optical  fibers, 
semiconductor  photodetectors,  and  'beam- of- light  transistors'  seem  to  indicate  that 
optoelectronics  is  the  next  important  area  in  the  electronics  field. 

Diode  lasers  can  be  operated  from  transistor  power  supplies  and  easily  controlled 

by  a  small  current  pulse  since  negative  resistance  effects  have  been  observed  in  them.^ 

Optical  fibers  show  large  net  gains  when  used  to  transmit  signals;  used  as  lasers,  these 
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structures  can  generate  optical  logical  operations.  Another  attractive  computer  com¬ 
ponent  would  be  a  four-terminal  device  consisting  of  an  emitter  made  from  a  laser  and 
a  photodiode  collector.  Since  the  only  coupling  between  the  emitter  and  collector  is  via 
the  laser  beam,  it  would  be  a  four-terminal  active  device  with  excellent  isolation  be¬ 
tween  input  and  output.  Circuit  designers  feel  that  such  a  device  would  have  many  ad¬ 
vantages  over  the  three-terminal  transistor.  It  should  be  capable  of  operating  at  speeds 
approaching  1000  Meps  and  have  a  current  gain  of  close  to  unity. 

There  are  a  host  of  reasons  favoring  the  use  of  optics  in  computers;  (1)  there  is 
no  charge  buildup  due  to  electrostatic  potentials,  (2)  light  transmitted  in  ordinary  optical 
media  is  practically  free  from  inductive  and  capacitive  effects,  (3)  the  high-carrier 
frequency  means  high-bit  rates,  (4)  every  lens  system  represents  a  system  for  parallel- 
processing  of  information,  (5)  circuit  topologicaJ  freedom  allows  easier  coupling  in 
three  dimensions  than  with  wires,  (6)  visual  compatibility  aillows  a  more  direct  link 
with  the  operation,  (7)  high-density  storage  is  possible  because  of  the  inherently  high 
resolution  obtainable  with  optical  systems,  and  (8)  read-in  and  read-out  functions  with 
presently  used  punched  cards  would  be  straif^tforward. 

8.2  Display  Devices 

The  diode  laser  makes  possible  a  new  family  of  display  devices,  suggesting 
a  way  of  replacing,  say,  a  conventional  panel  meter  and  indicating  or  warning  light 
by  a  small,  rugged,  integrated  device.^  In  the  field  of  automatic  control,  graphic 
displays  of  system  operating  conditions  and  malfunctions  are  as  essentied  as  they  are 
in  aircraft  and  space  vehicles.  The  hi|^  brightness,  high  efficiency  and  small  size 
of  the  diode  laser  (assuming  it  can  be  made  to  operate  without  the  necessity  for  cooling) 
can  be  used  to  advantage  in  these  areas.  Large-area  diode  displays  could  replace  the 
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relatively  bulky,  fragile,  low-bri^tness,  low- efficiency,  cathode-ray  tube.  The 
replacement  could  be  a  matrix  of  diode  laaers,  any  single  element  of  which  could 
be  sel  cted  by  applying  a  voltage  between  Uie  proper  row  a.nd  coluaui.  ScMiincu  a:s- 
plays  could  be  made  by  developing  a  proper  sequence  code  to  drive  the  diodes. 
Alphanumeric  displays  could  be  constructed  by  using  suitable  gating  and  control 
circuitry,  and  would  be  similar  to  the  currently  available  electroluminescent  dis¬ 
plays  but  superior  to  them  in  terms  of  briefness,  life,  and  speed. 

Another  approach  to  display  systems  is  throu^  electronic  beam  deflectors.^ 

These  make  use  of  electrically  induced  birefringence  in  crystals;  estimates  are  that 

!  g 

as  many  as  10  deflections/ sec  are  possible.  Ten  of  these  crystals  in  series  could 
produce  2^^  possible  positions. 

i 

i 

8.3  Plwse  Pkoto^apliy 

I  Normal  photography  uses  only  the  intensity  of  the  light  from  an  object  to  form 

I  an  image.  Thus,  half  of  the  available  information—the  phase— is  not  used.  A  photo- 

I  f) 

'  graphic  process  that  uses  this  information  has  been  perfected  by  scientists  at  the 

I  University  of  Michigan.  It  yields  excellent  image  contrast  and  allows  high  magnifica- 

i  tion.  In  conventional  microscopes,  magnification  is  dependent  on  glass  lenses  and 

I  even  the  best  of  these  produce  some  distortion.  The  new  technique  woxild  avoid  these 

t  distortions  since  no  lenses  are  used,  and  would  produce  clearer,  sharper  images. 

I  The  technique  consists  of  two  steps.  First,  coherent  light  is  transmitted  through 

I  or  reflected  from  an  object,  and  recombines  on  a  photographic  plate  with  laser  radia- 

i  tion  that  bypassed  the  object;  the  mathematical  auialysis  shows  that  what  is  recorded 

I  on  the  plate  is  the  Fresnel  diffraction  pattern  of  the  object.  Second,  after  the  photo- 

'  graphic  plate  has  been  developed,  it  is  illuminated  with  coherent  light;  the  desired 

’  image  then  appears  at  a  certain  distance  from  the  plate.  (The  writer  does  not  expect 

the  reader  to  understand  the  process  from  this  intensely  abbreviated  description;  the 
process  is  quite  complicated  and  the  interested  reader  shoxild  consult  Ref.  6  and  Ref.  7.) 
The  greatest  use  for  this  system  will  probably  be  found  in  the  laboratory  where  high- 
quality  reproduction  or  magnification  is  desired.  The  ideas  embodied  in  this  technique 
could  also  be  of  use  in  producing  clearer  and  sharper  x-ray  films  since  x-radiation  is 
also  coherent. 

8.4  Cheaioal  Applicatloss 

As  a  direct  result  of  making  lasers,  much  information  has  been  obtained  on  the 
spectra  of  the  inert  gases  and  rare  earths  and  on  the  transition  rates  between  the  dif¬ 
ferent  allowable  electronic  levels  of  these  atoms,  but  no  new  publications  have  appeared 
on  the  "chemistry*  of  these  elements  or  on  the  influence  a  laser  might  have  on  a  chemi¬ 
cal  reaction.  Since  chemical  reactions  are  intimately  involved  with  the  energy  level 
structures  of  their  atomic  and  molecular  constituents,  dissemination  of  the  increased 


] 


34 


knowledge  of  energy  level*  brought  about  by  lasers  could  perhaps  aid  in  understanding 
the  processes  involved  in  some  reactions. 

A  nnich  broader  area  of  discovery  would  be  the  use  of  a  laser  as  a  selective 
catalyst  in  a  chemical  reaction.  Nearly  all  chemical  reactions  are  now  triggered  by 
thermal  agitation  of  the  atoms  and  molecules,  which  appears  to  be  a  rather  crude 
technique.  Heat  will  excite  every  atom  in  the  mixture,  but  irradiation  by  a  laser 
beam  would  excite  only  those  atoms  that  had  absorption  bands  at  the  laser  frequency. 
Although  such  experiments  so\md  academically  interesting,  it  is  not  known  at  this 
time  what  their  ultimate  usefulness  will  be.  It  is  somewhat  surprising  that  no  work 
has  been  reported  in  this  area,  but  this  may  simply  reflect  the  fact  that  it  takes  time 
for  progress  in  one  field  to  influence  another.  Certainly,  a  desirable  tool  in  chemical 
research  would  be  a  tunable  laser  that  would  permit  many  interesting  investigations 
such  as  of  bond  strengths  and  absorption  characteristics.  This  development  is  unlikely 
since  many  lasers  would  probably  have  to  be  used  at  different,  discrete  frequencies. 
The  largest  range  of  tunability  that  the  writer  is  aware  of  is  lOOA. 

1.5  LlglMSMtCAS 

8. 5. 1  LIGHT  BULBS 

llie  possibility  of  using  injection  lasers  for  light  bulbs  is  not  nearly  so  far  off 
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since  laser  emission  in  the  blue  (4560A)  has  been  detected  from  SiC.  On  the  validity 
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of  this  claim  there  is  a  difference  of  opinion  among  scientists.  Be  that  as  it  may, 
the  diode  laser  still  has  an  excellent  future  as  a  li|^t  bulb.  The  efficiency  of  standard 
light  bulbs  is  approximately  10  percent  and,  as  we  know,  they  burn  out.  A  diode  laser 
such  as  SiC  shoiild  be  able  to  operate  without  having  to  be  cooled.  It  could  be  con¬ 
nected  directly  across  an  ac  line  and  operated  as  a  light  source  that  does  not  wear  out, 
with  an  efficiency  of,  say,  30  percent.  The  coherent  monochromatic  radiation  that 
would  be  produced  could  be  converted  to  heterochromatic  light  by  surrounding  the  laser 
with  the  proper  type  of  phosphor  that  would  absorb  the  laser  light  at  4560A  and  then 
reradiate  it  over  a  band  of  frequencies  determined  by  the  type  of  phosphor  used.^^ 

As  mentioned  above,  SiC  may  not  be  the  type  of  laser  that  will  be  used  in  this  applica¬ 
tion,  but  its  operating  properties  are  typical  of  the  type  of  semiconductor  that  will  be 
used,  and  the  example  serves  to  indicate  the  possible  simplicity  of  the  application. 

8. 5. 2  mOH-SPEEO  PHOTOGRAPHY 

The  application  of  the  ruby  laser  in  high-speed  photography  has  already  been 
demonstrated.  Using  the  normal  spikes  from  the  ruby  laser  as  the  source  of  short, 
high-intensity  flashes.  Yajima  et  al.^*  directed  the  laser  beam  onto  the  surface  of  a 
circular  mirror  and  then  fired  a  bullet  in  front  of  the  mirror.  The  illumination  was 

very  even,  and  clear  photographs  of  the  bullet  moving  at  170  m/sec  were  obtained. 

•9 

Since  Q-switched  lasers  can  produce  spikes  as  short  as  7  x  10  sec,  they  could  be 
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used  to  capture  an  object  moving  at  80  miles/ sec  (a  factor  of  10  faster  than  a 
satellite)  with  little  blur. 

8.5.3  MICROGRAPHY 

The  high  intensity  and  directionality  of  the  laser  beam  allow  intense  illumina- 
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tion  of  small  areas  or  objects.  Courtney- Pratt  took  a  microphotograph  of  a 
metallic  surface  imder  high  magnification  by  means  of  a  single  flash  from  a  ruby 
laser,  and  found  the  laser  much  faster  than  the  most  intense  flashlamp  available. 

He  also  demonstrated  that  the  light  from  the  ruby  laser  is  useful  for  studying  details 
of  topography;  when  the  surface  to  be  studied  is  placed  in  approximate  parallelism  with 
a  known  or  reference  surface  and  illuminated  with  the  laser  beam,  high -contrast  stable 
fringes  are  produced.  Until  now  the  standard  technique  has  been  to  use  a  mercury  dis¬ 
charge  lamp,  which  is  sufficiently  monochromatic  but  because  of  its  low  brightness  re¬ 
quires  long  exposures  producing  fringes  that  tend  to  be  fuzzy  owing  to  vibration  and 
heating  effects.  Where  the  laser  was  used,  the  exposure  time  was  reduced  by  a  factor 
of  20,  000  and  sharper  fringes  resulted. 
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9.  {'.OKCLUSlO^i; 

It  is  apparent  that  lasers  have  not  yet  lived  up  to  the  expectations  people  had  for 
them  when  they  were  first  developed  but  are  still  *a  solution  looking  for  a  problem." 
Comparisons  between  the  laser  and  the  transistor  in  the  area  of  applications  are  not 
justified  since  the  transistor  found  immediate  uses  simply  by  replacing  vacuum  tubes. 
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Such  a  broad'based  application  does  not  exist  the  laser,  and  it  will  consequently 
take  considerably  longer  than  was  initially  expected  for  a  market  to  develop.  Whether 
the  dollar  volume  of  lasers  will  ever  approach  that  of  transistors  is  not  known.  At 
the  moment  it  appears  that  the  greatest  use  for  it  will  be  as  an  instrument  for  sci¬ 
entific  and  medical  research,  and  for  performing  many  tasks  in  a  much  more  effective 
manner  than  could  be  done  with  a  conventional  light  source. 
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